[1] A mass of snow and ice 400-m-wide and 105-m-thick began melting in the summit crater of Mount Chiginagak volcano sometime between November 2004 and early May 2005, presumably owing to increased heat flux from the hydrothermal system, or possibly from magma intrusion and degassing. In early May 2005, an estimated 3.8 Â 10 6 m 3 of sulfurous, clay-rich debris and acidic water, with an accompanying acidic aerosol component, exited the crater through a tunnel at the base of a glacier that breaches the south crater rim. Over 27 km downstream, the acidic waters of the flood inundated an important salmon spawning drainage, acidifying Mother Goose Lake from surface to depth (approximately 0.5 km 3 in volume at a pH of 2.9 to 3.1), killing all aquatic life, and preventing the annual salmon run. Over 2 months later, crater lake water sampled 8 km downstream of the outlet after considerable dilution from glacial meltwater was a weak sulfuric acid solution (pH = 3.2, SO 4 = 504 mg/L, Cl = 53.6 mg/L, and F = 7.92 mg/L). The acid flood waters caused severe vegetation damage, including plant death and leaf kill along the flood path. The crater lake drainage was accompanied by an ambioructic flow of acidic aerosols that followed the flood path, contributing to defoliation and necrotic leaf damage to vegetation in a 29 km 2 area along and above affected streams, in areas to heights of over 150 m above stream level. Moss species killed in the event contained high levels of sulfur, indicating extremely elevated atmospheric sulfur content. The most abundant airborne phytotoxic constituent was likely sulfuric acid aerosols that were generated during the catastrophic partial crater lake drainage event. Two mechanisms of acidic aerosol formation are proposed: (1) generation of aerosol mist through turbulent flow of acidic water and (2) catastrophic gas exsolution. This previously undocumented phenomenon of simultaneous vegetationdamaging acidic aerosols accompanying drainage of an acidic crater lake has important implications for the study of hazards associated with active volcanic crater lakes.
Introduction
[2] Mount Chiginagak is a hydrothermally active volcano on the Alaska Peninsula, approximately 300 km southwest of Anchorage, Alaska, USA ( Figure 1 ). In July of 2005, a local lodge owner contacted the Alaska Volcano Observatory (AVO) to report that the King Salmon River, its headwater lake (Mother Goose Lake) and inlet stream to the lake (Volcano Creek) were lined with an orange and yellow foam and that no fish or birds could be seen in the drainage (J. Kent, personal communication, 2005) (Figures 2 and 3) . In early August of 2005, reports from local U.S. Fish and Wildlife Service (USF&WS) staff indicated a vast area of vegetation damage along Volcano and Indecision Creeks, two major creeks whose headwaters drain the flanks and summit region of Chiginagak volcano (S. Savage, personal communication, 2005) . In late August 2005, as part of an ongoing geologic mapping and volcano-hazard assessment effort, Alaska Volcano Observatory (AVO) staff visited the site to investigate the cause of the fish kill, vegetation damage, and discoloration of the lake and streams. On 20 August 2005, an overflight of the summit region of the volcano revealed a 300-m-wide lake in what 6 months earlier had been an ice-and snow-filled summit crater (Figure 4 ). It was apparent that the crater lake had partially drained through a tunnel at the base of the glacier breaching the south crater rim and that water and sediment had cascaded down the south flank glacier. Further investigations revealed that 27 km downstream from the crater, Mother Goose Lake, a 0.5-km 3 lake, was acidified from surface to bottom (pH ranged from 2.9 to 3.1). All aquatic life was killed and salmon spawning runs were eliminated. Field evidence suggests that the flood was accompanied by a release of volcanic gas and acidic aerosols that followed the flood path and contributed to defoliation and necrotic leaf damage to vegetation in a 29-km 2 area along and above affected streams. In September 2005, approximately 1.68 Â 10 6 m 3 of acidic water remained in and continued to drain from the crater lake. Water sampled 8 km downstream after considerable dilution from glacial meltwater was a weak sulfuric acid solution (pH = 3.2, SO 4 = 504 mg/L, Cl = 53.6 mg/L, and F = 7.92 mg/L).
[3] The purpose of this paper is to provide a complete description of field observations made of this crater lake drainage event, including the crater lake and lahar, the volume of the flood and area of inundation, the severity, character, and extent of vegetation damage, field measurements of water pH and temperature, and preliminary interpretation of the water chemistry results. In addition to the field observations, proposed mechanisms for the formation of the vegetation-damaging acidic aerosols are discussed.
Geologic Setting and Historical Activity
an elevation of 2135 m, and the upper approximately 1000 m are covered in snow and ice. The south flank is deeply eroded, exposing orange, yellow, and red-colored, severely hydrothermally altered lava flows and lava breccias. The south flank glacier that lies within this deeply eroded section of the volcano heads in the summit crater. Recent geologic mapping by AVO geologists has revealed Holocene debris avalanche and lahar deposits in stream valleys that drain the south flank. Most of the Holocene lava flows are restricted to within 6 km of the summit region. Deposits of Pleistocene pyroclastic flows and block-and-ash flows, interlayered with andesitic lava flows dominate the edifice rocks on the north and west flanks. Historical reports of activity (within the last 230 years) are limited, and generally consist of descriptions of ''steaming'' and ''smoking'' [Coats, 1950; Powers, 1958] . A small ash eruption was reported in 1971 by a resident of Port Heiden, approximately 100 km southwest of the volcano [Miller et al., 1998] . A fumarole on the north flank has been emitting gas throughout historical time and occasionally has appeared to increase in vigor, prompting calls from local residents. In October 1997, residents of Pilot Point reported increased steaming and snowmelt near the north flank fumarole [McGimsey and Wallace, 1999] . During a flight around the volcano on 30 October 1997, AVO scientists observed an enlarged area of fumarolic activity on the north flank and reported a very strong sulfur smell [McGimsey and Wallace, 1999] . Observations of the volcano in 1998 have been described by McGimsey et al. [2003] and are summarized here. On 13 August 1998, USF&WS personnel and a resident of Pilot Point (60 km northwest of Chiginagak) observed little clouds of ''black smoke'' accompanied by a ''greenishyellow'' gas rising from two point sources to an elevation of approximately 150-300 m above the summit. On 15 August, a 30-km-long gas plume was detected in satellite imagery. An airborne ultraviolet correlation spectrometer (COSPEC) flight to Chiginagak on 29 September 1998 measured a SO 2 efflux of 200-300 tons per day (t/d) emanating from the north flank fumarolic field. No indication of gas release or unusual heating (ice melt) was observed at the summit region during the observational flights conducted in 1997 and 1998. No unusual activity was reported again until the crater lake drainage in 2005. [6] Eleven field sites representing all major vegetation types and encompassing the range of damage were selected for study. At each site, plant communities, vegetation damage, and topography were described in detail. Damage was assessed by plant community and for individual plant species, including plant vigor, percent of leaf kill, leaf symptoms, and phenology of any new growth. Plant samples were collected and pressed for archival and identification purposes. Moss samples of Racometrium lanuginosum and Racometrium ericoides from a series of damaged to undamaged sites were collected for chemical analysis. The moss samples were tested for 25 elements, including S, Fe, Al, Ca, Pb, and As at the Colorado State University (CSU) Soil, Water, and Plant Testing Laboratory in Fort Collins, Colorado. One-half gram of plant material was digested in 5 mL of HNO 3 and 1 mL of HClO 4 overnight. The solution was heated to 125°C and held at temperature until about 2 mL remained. The temperature was then increased to 200°C for 2 h, then samples were cooled, mixed with 25 mL of deionized water and analyzed on the CSU Inductively Coupled Plasma (ICP) spectrometer.
Methods
[7] Surface water pH, temperature, and conductivity were measured at various sites along the affected drainage, as well as at control sites unaffected by acid flood waters. The pH meter was calibrated at least once per day using a 2-to 3-point calibration with pH standards of 4, 7, and 10. Surface water samples taken for cation and anion analysis were filtered in the field using a 0.45-mm filter and peristaltic pump, following standard clean techniques. Anion concentrations were determined at the U.S. Geological Survey (USGS) laboratories in Menlo Park, California using a DIONEX ICS-2000 ion chromatograph with hydroxide eluent. Alkalinity (as bicarbonate) was analyzed by potentiometric titration on samples with pH > 5. Major cation and trace element concentrations were determined at the USGS Minerals Program laboratories in Denver, Colorado, by inductively coupled plasma mass spectrometry (ICP-MS) using procedures described by Lamothe et al. [2002] .
[8] In addition to surface water measurements, pH, temperature, dissolved oxygen (DO), and pressure were measured in the water column of Mother Goose Lake. In October 2005, pH and temperature were measured with a YSI model 63 handheld vice, written communication, 2005) . In August 2006, measurements of temperature, conductivity, DO, and pH were made using a YSI model 6820, multiparameter water quality monitor. Calibrations of DO and pH (two-point calibration of pH 4 and pH 7) were conducted the day of measurement.
4. Crater Lake 4.1. Crater Lake Formation , and subsequent analysis of digital photographs revealed no sign of increased heat flow or melting (no pits, slump crevasses, steam, or mudflows). A satellite image provided by Digital Globe, Inc. acquired on 8 November 2004 also showed no signs of crater lake formation or increased heat flow at the summit. The amount of time it took for the crater lake to form is uncertain; however, the timing of the flood from the crater lake is constrained to a 7-d period between 1 and 8 May 2005 by two Landsat images. A lahar deposit on the south flank glacier is clearly visible on the 8 May image, but absent on the 1 May image. The longest estimate of the time it took for the summit ice and snow to melt would therefore be approximately 6 months (November 2004 to May 2005).
Crater Lake and Acid Flood Volume
[10] The dimensions of the summit crater, and thus volume of the preflood crater lake, the postflood crater lake, and the flood itself were determined by examining 1953 aerial photographs, a photogrammetrically derived topographic map of the summit, and field observations of the crater before and after the flood. The 1953 aerial photographs show a summit crater, largely devoid of ice, and a small, 30-m-wide meltwater lake at the base of a parabolically shaped crater ( Figure 5 ). This image is in marked contrast to the snow-and ice-filled summit crater that was observed in August of 2004 (Figure 4) , and is clear evidence that melting of the summit ice and possible draining of a crater lake has occurred in the recent past. Preflood snow and ice levels and postflood crater lake water levels were estimated using first-hand observations and later examination of photographs of the summit taken during observational overflights in August of 2004 and 2005, respectively. These combined observations allow us to estimate the depth and radius of the preflood and postflood crater lake and enable us to mathematically define the shape of the crater walls as a parabolic cone with a curvature defined by the following quadratic equation:
where y is lake depth, x is lake radius, and constraints a = 0.0025 and b = 0.025, derived from regression of the input pairs (x,y): (0,0); (150,60); (200, 105) , where (0,0) is the bottom of the crater, or apex of the parabola, (150,60) represents the postflood lake radius and depth in meters, and (200,105) represents the preflood lake radius and depth in meters.
[11] The volume of the flood (V f ) is determined by calculating the volume of the interior region of the curve y = ax 2 + bx rotated about the y axis. To solve we first determine the volume (V 1 ) of a cylinder of height y and subtract the volume of the area occupied under the curve y = ax 2 + bx. The volume of a cylinder of height y is
since y = ax 2 + bx, then
The volume (V 2 ) under curve y = ax 2 + bx rotated about the y axis is the integrated surface area of nested cylinders each with an area equal to 2pxy.
The volume of the interior of the parabolically shaped crater (V i ) is therefore
[12] Prior to melting, the snow and ice mass in the summit crater was 400 m wide (radius x = 200) and approximately 105 m thick. Solving equation 3 for x = 200 gives a volume of 6.5 Â 10 6 m 3 . Assuming the density of ice is 0.9 [Shumsky, 1960] , the resulting volume of water in the preflood crater lake is $5. 4.3. Crater Lake Temperature , approximately 3 1/2 months after the flood, the crater lake had only one small zone of upwelling near the center of the lake (Figure 6a) . A small amount of floating ice was observed in the lake, but it had melted by the next day, suggesting it had recently fallen into the lake from the steep crater walls. Fresh snow remained on the steep crater walls for at least 12 h after its deposition, indicating that the crater wall rocks were relatively cool. No significant steaming from the lake or sulfur gas smell was detected. By September 2005, the crater lake had changed remarkably. The entire crater lake surface was swirling with gas and steam, and the strong, acrid smell of SO 2 was detected ( Figure 6b ). Maximum temperatures of approximately 40°C were measured using the FLIR on September 25 (Figure 6c ). Photographs from local residents showed that vigorous degassing from the summit crater lake continued through the winter. On 23 January 2006, an ASTER image showed a thermal anomaly of 6°C in a background of À30°C at the summit crater lake. This 6°C of acidic water and sulfurous, clay-rich debris exited the crater through a tunnel at the base of a glacier that breaches the south crater rim (Figures 7  and 8 ). The water and sediment flowed both over and under the glacier, locally exiting through crevasses. Approximately 14,500 m 3 (less than 5% of the total flood volume) was deposited as a thin lahar of gray to orange, hydrothermally altered rocks and yellow, sulfur-rich clay (Figure 8 ). The lahar traveled less than 5 km, running out along the eastern lobe of the south flank glacier at the head of Chiginagak Creek (Figure 2 ). At its lower reaches, about 10-15 cm of lahar sediment was deposited on 1.5 to 2 m of seasonal snowpack. At this location, the lahar deposit is reversely graded with a 2-cm-thick yellow/gray clay base, grading upward to coarse sand, gravel, and cobbles with a maximum clast size of 20 cm. Rare boulders to 70 cm are scattered along the top of the deposit. Clasts are a variety of rock types, but most are subrounded to angular, gray, friable, altered andesite. The base clay forms a sharp contact with the underlying snow, and there is no evidence of sag pits to indicate that the lahar was emplaced hot. A deposit of semiconsolidated gray clay, sand, and gravel forms a dam at the lowest point on the south side of the crater rim, impeding the drainage of the remaining crater lake water. This deposit lies directly beneath the ice at the head of the south glacier and is being incised by the continuing drainage of crater lake water. This material was eroded during the outflow and makes up a significant portion of the lahar, along with clays that were suspended in the crater lake water.
Flood Path and Acid-Affected Drainages
[16] The majority of acidic flood water debouched from subglacial tunnels at the western toe of the south flank glacier and continued downstream to the west and north for 27 km before emptying into Mother Goose Lake, acidifying it from surface to depth. Samples taken from this 0.5 km 3 lake, which has a maximum depth of 45 m, had a pH ranging from 2.9 to 3.1 (Figure 9 ). Affected drainages flowing to the Bering Sea side of the volcano include upper Indecision Creek, lower Volcano Creek, Mother Goose Lake, and the King Salmon River (Figure 2 ). In addition to the flow toward the west, a portion of the flood waters that overtopped the glacier during the main outflow event flowed toward the east, down Chiginagak Creek. Dewatering of the east lobe of the lahar and melting of the snowpack supplied some acidic water to this eastern drainage for several months after the event. However, by August 2005, the water exiting the crater lake was flowing beneath the glacier and toward the west, into upper Indecision Creek and on toward Mother Goose Lake. Flood waters were generally contained within the preexisting highwater flow channel, but overtopped the banks along lower Indecision Creek and inundated some of the grassy meadows and alder shrublands between channels.
[17] The first reports of the downstream effects came in early June of 2005 when a local lodge owner flew over the area and described ''dead,'' discolored, orange and brown vegetation along Indecision Creek and Volcano Creek (J. Kent, personal communication, 2005) . On 14 July 2005, Jon Kent took a boat into Mother Goose Lake to the Volcano Creek inlet and reported ''foamy yellow and orange scum,'' an absence of all fish and birds in the drainage, and a ''strong sulfur smell'' at the Volcano Creek inlet (Figure 3 ). The orange and yellow colloidal material was also present along the King Salmon River, lining the rocks along the riverbed and shore.
Vegetation Damage
[18] Vegetation was damaged along the entire length of the acidic flood path ending in the northwest at the Volcano Creek inlet to Mother Goose Lake. Leaves were killed on most evergreen plants. Deciduous plants had not leafed out at the time of the event. Most subsequently leafed out but phenology was delayed and leaves were sparse, small, and often damaged. The severity of vegetation damage has been simplified into three mapped zones (Zones 1, 2, and 3, Figure 10 ) and a summary of vegetation damage, with plant community descriptions and scientific names of plant species, is provided in Table 1 .
[19] Zone 1 encompasses a total area of 2 km 2 where 90-100% of the vascular plants suffered leaf kill and most mosses and lichens appeared Most evergreen plants had 100% leaf kill. Evergreen shrubs varied greatly in amount of damage, probably owing to differences in protective cuticle: Crowberry leaves were killed and few or no new leaves sprouted. Rhododendron leaves survived but had large lesions. Alpine azalea leaves looked normal or slightly discolored.
Most deciduous shrubs leafed out after event, but leaves were smaller than normal or had brown lesions. Mosses, lichens, and club mosses were discolored from lack of chlorophyll and many were dead.
Grasses and sedges leafed out after event but forbs did not. 1 -2 m above creek level.
In areas covered in the flood, sparse new alder leaves were very small, often with necrotic patches, mosses died, and grass seldom produced leaves.
In areas not covered in the flood, there was patchy regrowth of alder and grass.
Willow leaves were about one half dead, mainly on the distal portions.
In swales, crowberry had 100% leaf kill while adjacent cranberry plants were healthy and produced berries.
Geochemistry Geophysics
Geosystems G dead. The most intense vegetation damage occurred over a 1-km 2 area, centered in an alpine valley 8 km downstream from the crater lake, where the stream exiting the west snout of the glacier enters upper Indecision Creek (sites 1a, 1b, and 1c, Figure 10 ). Almost all leaves were killed on the evergreen shrub crowberry, the most common plant, and the attached dead leaves gave the tundra a dramatic orange color, outlining the path of the toxic airborne constituent (Figure 11 ). Damage to other shrubs varied from complete plant death (bearberry) to green leaves with large lesions and holes (rhododendron) to only slight brown leaf discoloration (alpine azalea). Phenology of all plants was delayed, with small new leaves and almost no berries or seeds. Deciduous shrubs, grasses, and sedges produced small leaves that were less damaged than those on the floodplains. Almost no forbs grew. Mosses, club mosses, and lichens looked bleached from damaged chlorophyll. Plants in small ravines were not visibly affected and were most likely snow covered when the event occurred.
[20] Another 1 km 2 area of severe vegetation damage occurred along the banks of Chiginagak Creek, on the eastern side of the volcano. Poor weather conditions prevented a thorough investigation of this drainage, but observations from the helicopter indicate that the vegetation damage (brown alder leaves and orange crowberry leaves) was restricted to an area within $10 m on either side of the creek bed. With the exception of the east-side drainage and banks of Indecision Creek, most of the severely damaged plants in Zone 1 were high above stream channels and must have been damaged by an airborne agent.
[21] Zone 2 represents an area of severe to moderate damage in alder shrublands and grass meadows along the floodplain of Indecision Creek. Here, approximately 50 -90% of the vegetation was damaged. Much of the vegetation in this zone was inundated by acidic water during the flood. Even in higher areas the roots of the larger plants reached down to toxic subsurface flow. Heavily damaged vegetation extended over 200 m horizontally from Indecision Creek in some places. As deciduous plants leafed out, during the month after the flood, the leaves were damaged or killed, presumably by uptake of toxic water. Many alders lost their leaves when they were about one-half normal size, produced a second set of small leaves by the end of summer 2005, and then died by the summer of 2006 (Figure 12 ). Feltleaf willows were the worst damaged willows and looked startling white because their leaves curled inward exposing the white felt undersides (Figure 13 ). Other willow species had large patches of dead leaf tissue and many sprouted tufts of new leaves later in the summer. Understory plants were less damaged than the large shrubs. The worst damaged forb was the long-rooted fireweed, which responded to acidic water uptake by producing discolored and deformed leaves that were abnormally dense. Some ferns were full size but delicately frosted with brown tissue around the edges of the fronds. The dwarf evergreen shrub cranberry was almost always healthy and producing berries, even when adjacent crowberry plants were dead. Bluejoint grass meadows were straw-colored, with sparse, short leaves. Live grass leaves were a chlorotic yellow-green and some were green and white striped, owing to lack of chlorophyll in the white areas.
[22] Zone 3 includes areas that suffered more moderate damage, either from a less intense exposure to an airborne agent or a shorter duration of acid water in the plant rooting zone. The outer margin of Zone 3 marks the area beyond which no vegetation damage was visible in August 2005, about 3 1/2 months after the event. In the alpine tundra of upper Indecision Creek, Zone 3 encompasses areas marginal to the path of the caustic aerosol flow. Damage occurred in the valley upstream from the most damaged alpine area and high on slopes more than 150 m above the flood waters (Figure 11 ). Vascular plants had about 30% dead leaves and most mosses and lichens looked damaged but not dead. Plants on raised microsites were more damaged than those in moister depressions. Zone 3 also includes floodplains, knolls, and hillslopes in the lower Indecision Creek valley. On alder-covered hillsides, alder leaves had an orangebrown discoloration even on plants up to 120 m above flood level and 16 km downstream from the crater lake outflow. Bluejoint grass meadows on the eastern floodplain of Indecision Creek had more green grass leaves than the meadows closer to the creek. While the meadow grasses in Zone 2 were more disturbed the closer they were to flowing water in August 2005, those in Zone 3 were greener where closer to flowing water. These meadows were flooded during the acute event but after the floodwaters receded, much of the water flowing through the meadows may have been clean runoff from the adjacent ridge rather than from Indecision Creek. On knolls along the creeks, all leaves on balsam poplar trees less than 3 m elevation above creek level were damaged and most leaves were 90-100% dead. Leaves were dead even on trees up to 350 m horizontal distance from the creek. Plants in the understory of the poplar stands and in grass meadows on the knolls looked undamaged, probably because only the poplars had long enough roots to reach the acidic subsurface water.
Vegetation Chemistry
[23] Mosses and lichens have long been used as atmospheric pollutant indicators because they lack a root system and obtain their nutrients directly from the atmosphere [Puckett, 1988; Rühling et al., 1987; Pilegaard, 1979; Pott and Turpin, 1996] . In this study, samples of the most common moss species were collected from seven sites. Because the main objective was to detect environmental levels of aerosols, including particulates from atmospheric deposition, samples were hand cleaned but not washed before analysis, as done by Ford et al. [1995] . Element concentrations reported herein therefore reflect both uptaken elements and particles trapped between the tightly packed leaflets. This gives more information about the content of gases and aerosols than an analysis of uptaken elements only, because most of the moss samples looked barely alive and were probably incapable of effective uptake.
[24] Two moss species were collected for element analyses: one representing an area damaged exclusively by an airborne agent (Racometrium lanuginosum) and the other representing an area inundated by acid flood waters (Racometrium ericoides). Racometrium lanuginosum was collected from sites high above the flood channel, where it was certain that the vegetation damage was caused by an airborne constituent rather than the acid flood waters. The five samples were collected from Zones 1 and 3 and represent a range of vegetation damage (section 6). The most severely affected sites within Zone 1, in decreasing order of damage, are 1c, 1a, and 1b ( Figure 14) . The less severely affected sites are 3a (within Zone 3) and 3b (edge of Zone 3 and undamaged area). Results from chemical analyses of the mosses are shown in Table 2 , and indicate that atmospheric levels of sulfur were high with the most contaminated moss sample having a sulfur concentration of 1,989 mg/kg. A decrease in sulfur levels, down to 327 mg/kg at the least affected site, correlates well with a decrease in overall vegetation damage (Figure 14) . Racometrium ericoides showed the same correlation with very high levels of sulfur in moss collected from a riparian area that was inundated by acid flood waters, and much lower concentrations in moss collected from the control area (Table 2) .
[25] In addition to sulfur, Al, Fe, Ba, Na, B, Mo, Cu, Li, Co, Se, Sr, and Pb tended to have higher concentrations at more damaged sites while the important plant nutrients P, Ca, and K tended to have lower concentrations.
[26] Concentrations of elements in plant tissue and soil that prove toxic to plants have been little studied in natural ecosystems and results of experiments vary greatly between different studies and plant species [Davis et al., 1978; Macnicol and Beckett, 1985; Ross, 1994 ]. It appears, however, that the elevated metal concentrations found in moss samples from Chiginagak do not approach levels toxic to plants, except perhaps Al and Fe. Al and Fe were extremely elevated in the samples from the most severely damaged sites (Table 2 ). An Al concentration of 20,120 mg/kg (almost 6 times the control value) was measured at site 1c, in the zone damaged by an airborne constituent. The moss sample from the flooded site 2a had an Al concentration of 32,410 mg/kg, compared to 5,600 from the control site. Because they are far above leaf tissue concentrations reported in the literature, the high levels of Al and Fe in our moss samples evidently reflect the metal content of particulate fallout from the crater drainage event, rather than high tissue content. However, it is very likely that Al-toxicity contributed to vegetation damage at a After the main flood event, the Upper Chiginagak Creek site did not receive further input from the remaining crater lake water outflow; the only acidic water input after the main flood event came from dewatering of the east lobe of the lahar deposit.
b The field pH measurement for site A2 in June 2006 was 1.2; however, the laboratory pH was 2.38. Chiginagak. Toxic forms of Al are relatively insoluble at neutral to alkaline pH, but at pH less than 5 the toxic species Al 3+ becomes soluble [Delhaize and Ryan, 1995] . Iron toxicity could also have been a factor, since Fe is mobilized at low pH [Karathanasis et al., 1988; Bigham et al., 1996] .
Surface Water Temperature, Conductivity, and pH
[27] Periodically between August 2005 and August 2006, surface water pH, temperature, and conductivity were measured at various sites along the affected drainage, as well as at control sites unaffected by acidic crater lake waters (Figure 2 and Table 3 ). In addition to field measurements, water samples were collected for laboratory analysis of cations and anions. Surface water temperatures were typical for glacial meltwater streams and lakes in the area and ranged from 3.2 to 14.9°C. Conductivity of greater than 1000 mS/cm was measured in upper Indecision Creek, but was less than 600 mS/cm in lower Volcano Creek and Mother Goose Lake. In August 2005, surface water pH of affected waters ranged from 3.2 at the nearest-to-source site on upper Indecision Creek (site A2, Figure 2 ) to 4.7, 40 km downstream in the upper King Salmon River (site A7, Figure 2 ). Site A2 in upper Indecision Creek is 8 km from the source of crater lake water; water at this site consists of a mixture of glacial meltwater and crater lake water. High crater walls and steep, glacier-covered terrain prevent access to crater lake water any nearer to its source. As of August 2006, over 1 Â 10 6 m 3 of acidic water remained in the crater lake and continued to drain beneath the south flank glacier resulting in persistent acidic conditions along Indecision Creek; a pH of 3.4 was measured at Site A2 in August of 2006. Between mid-Indecision Creek (Site A3) and the inlet to Mother Goose Lake at the mouth of Volcano Creek (Site A4), much dilution occurs with the input of surface water from the western and northern flanks of Chiginagak volcano. Volcano Creek consists of a mixture of surface water from the north flank of the volcano and input from the north flank Mother Goose hot springs (sites C6, C7, and C8). By August 2006, the pH of the water entering Mother In modeled crater lake water: SO 4 is total SO 4 in all sulfate-containing species; SiO 2 is set to amorphous silica saturation assuming a temperature of 0°C; pH is set to achieve charge balance. Table 3 for map location and site description.
Geochemistry Geophysics
b Note: In modeled crater lake water, 50% SO 4 is HSO 4 ; SiO 2 is set to amorphous silica saturation assuming a temperature of 0°C; pH is set to achieve charge balance. Goose Lake at Site A4 had risen to 5.5; however, the pH of Mother Goose Lake remained lower than the inlet stream at only 4.3. In August of 2005, the same pattern was observed wherein the inlet waters to the lake (Site A4) had a higher pH than Mother Goose Lake (Site A5, pH 3.2). In October 2005, approximately 5 months after the flood, the pH of Mother Goose Lake at its surface and to a depth of 44 m ranged from 2.87 to 3.06; water temperatures ranged from 7.7°C to 10.0°C (Table 4) . In August 2006, approximately 14 1/2 months after the flood, AVO staff conducted depth profile measurements of pH, conductivity, dissolved oxygen and temperature at locations determined to be the deepest points in Mother Goose Lake. The acidity, temperature, dissolved oxygen content and conductivity of the lake were consistent from the surface to the bottom depth of 45 m (Table 4) . Acidity in the lake remained low and ranged from 4.07 to 4.10. Temperatures ranged from 11.17°C to 11.89°C. Conductivity ranged from 0.238 mS to 0.243 mS. Dissolved oxygen ranged from 8.91 to a high of 9.81 at a depth of 2 m at site A9.
[28] Other than visual estimates of flow rates at the Mother Goose hot springs [Motyka et al., 1981; Baker et al., 1977] hydrologic data such as flow rates and volumes have not been measured for any of the drainages in the study area.
Water Chemistry
[29] Water chemistry for all sites and dates is shown in Tables 5 and 6 , but the focus here is on using the data obtained from the first set of samples (August 2005) to constrain the chemistry of the crater lake flood water. An expanded discussion of chemistry will be presented in a subsequent paper, following additional sampling campaigns. The volume of the flood ($4 Mm 3 ) was about 1% of the volume of Mother Goose Lake ($500 Mm 3 ), suggesting that the crater lake chemistry could be calculated by multiplying the concentrations of all species in Mother Goose Lake (sample 05JRSCH036) by 100. This would give, for example, a crater lake SO 4 concentration of 12,800 mg/L.
[30] Such calculations ignore both the continued drainage of acid water into Mother Goose Lake and the outflow to the King Salmon River during the $3 months prior to sampling, but would probably be reasonable for solutes that have no other significant sources in the drainage. The background streams in the drainage, control sites C1-C6, are fairly dilute, but the hot spring, site C8, has high concentrations of many solutes (Tables 5 and 6) and a large discharge, estimated at 6 m 3 /min by Motyka et al. [1981] . If hot spring input, or precipitation losses of species like iron, influence the concentrations of any solutes in Mother Goose Lake, those solutes will be incorrectly calculated in the crater lake chemistry.
[31] The effect of hot spring input is assessed by defining the ''C8/A2'' ratio, which for each solute, is its concentration in the hot spring (site C8, sample 05RGMCH024) divided by its concentration in upper Indecision Creek (site A2, sample 05JRSCH039). Figure 15 shows that the C8/A2 ratio does control dilution trends in the drainage, when plotted against SO 4 , the major anion in the acidic stream water. Potassium for example, with a C8/A2 ratio of 23, actually increases in concentration downstream (below site A3), as do Na and Li (not plotted), which also have C8/A2 ratios >20. Chloride, with a C8/A2 ratio of 7.8 follows a similar trend, and although background stream inputs introduce minor effects, clearly much of the K, Na, Li, and Cl in Mother Goose Lake derive from hot-spring input. Calcium, with a lower C8/ A2 ratio of 2.2, shows a reasonably straight dilution line, but still, Ca sources other than the acid flood water are sufficiently important that the line misses the origin.
[32] For solutes with C8/A2 ratios <1, most dilution trends are nearly straight lines to the origin. Examples include Al and F and the trace metals (not plotted) Cd, Co, Cu, and Ti. These solutes, which include SO 4 (C8/A2 ratio <1), are apparently not influenced by hot spring input, and thus should have concentrations in Mother Goose Lake that are $1% of the values in the crater lake flood water. Exceptions include Fe and As, which show exaggerated drops in concentration downstream from site A3. These drops no doubt reflect precipitation of iron minerals in Mother Goose Lake, accompanied by loss of As, which readily adsorbs onto iron-containing precipitates.
[33] That dilution trends for many solutes are straight lines to the origin and those that deviate are clearly attributable to either hot spring input or precipitation losses strongly suggests that the crater lake flood water was compositionally similar to sample 05JRSCH039, collected at site A2. This seems reasonable since this sample represents continued drainage from the remnant crater lake, diluted chiefly by glacial meltwater. Since the impact of the hot spring sulfate contribution is small (C8/A2 < 1), we assume that the dilution factor of sulfate in Mother Goose Lake is $100 on the basis of volume of estimates indicating that the flood was $1% the volume of Mother Goose Lake. Applying the dilution factor of 100 to Mother Goose Lake water results in a flood-water SO 4 concentration of 12,800 mg/L. Therefore, the multiplier for solute concentrations from site A2 in sample 05JRSCH39 is $25. Crater lake solute concentrations were calculated using this factor, and then the geochemical code SOLMINEQ.88 [Kharaka et al., 1988] was used to set SiO 2 to amorphous silica saturation and calculate the pH required to achieve charge balance. This procedure probably produces the most accurate estimate of crater lake chemistry, and results are shown in Tables 5 and 6. [34] The crater lake water, with a modeled pH of 1.22, was highly acidic but otherwise fairly dilute in most solutes compared to the range found in acid crater lakes worldwide [Varekamp et al., 2000] . This is not surprising because the lake formed from absorption of acidic gases into melting snow and ice, and then drained out before much leaching of solutes from the wall rocks could occur. The striking and possibly unique feature in the chemistry of this crater lake is the dominance of Ca, which on a weight basis exceeds the concentrations of all other cations combined. This Ca-rich composition is incompatible with simple leaching of the andesitic volcanic rocks or any other silicate assemblage. In addition, the SO 4 /Cl ratio is at the high end of the range seen in crater lakes [Varekamp et al., 2000] . A secondary source of CaSO 4 seems required.
[35] Given the evidence that a lake occupied the crater some time prior to 1953, gypsiferous sediments may exist within the crater, since formation of gypsum apparently occurs in many acid crater lakes [Varekamp et al., 2000] . In fact, during the 2006 field campaign, a large ($40-cm-diameter) crystal cluster of gypsum was found in morainal debris at a brief stop high on the south flank of the volcano, about 900 m below the summit crater lake. Alternatively, anhydrite could be leached from the highly altered rocks in the crater area. Dissolution of hydrothermal anhydrite has been considered as a Ca source in Lake Caviahue [Varekamp, 2008] . This Argentinian lake is acidified by drainage from the Copahue crater lake and nearby hot springs and is broadly analogous to Mother Goose Lake. Interestingly, the calculated composition of Chiginagak crater lake shows slight oversaturation in anhydrite (log (Q/K) = +0.13) and gypsum (log (Q/K) = +0.64), but undersaturation with all common silicate minerals and secondary Fe-and Al-containing alteration products.
[36] The $100-fold dilution of the acid flood water upon flow into Mother Goose Lake brought about undersaturation in both gypsum and anhydrite, but SOLMINEQ.88 results for sample 05JRSCH036 (Mother Goose Lake, Site A5) show that the increase in pH was sufficient to cause oversaturation in several iron compounds (goethite, jarosite, schwertmannite). Although the orange foam lining the shore of Mother Goose Lake was not identified, formation of any of these iron compounds releases H + and offsets some of the pH increase expected from dilution. A beneficial effect is the removal of As (Figure 15 ), but no other trace metals are noticeably mitigated. For example, the priority pollutants Cd and Cu exceed U.S. Environmental Protection Agency (EPA) chronic exposure standards in Mother Goose Lake; however, these elements become diluted below exposure standards after mixing with Painter Creek water in the upper King Salmon River (Figure 16 ). Al-containing minerals are undersaturated in Mother Goose Lake, and consequently, high Al concentrations persist downstream in the King Salmon River.
Gas Emission

Phytotoxic Gases and Aerosols at Chiginagak Volcano
[37] There are many well-documented cases of detrimental effects to vegetation from passive or chronic volcanic degassing, mainly attributed to ''dry'' SO 2 gas and ''wet'' deposition of sulfuric acid aerosols (Masaya volcano [Delmelle, 2003] ; Kilauea volcano [Kratky et al., 1974; Winner and Mooney, 1980] ; Nevada del Ruiz volcano [Parnell and Burke, 1990] ; Rincòn de la Vieja volcano [Kempter et al., 1996] ; Poás volcano [Sandoval et al., 1996; Martinez et al., 2000] ). At Chiginagak volcano, it is obvious from the pattern of vegetation damage that an airborne agent was responsible for the vegetation damage seen in upper Indecision Creek, and along the high slopes surrounding middle Indecision Creek. The exact agent(s) responsible may never be known; however, our observations point to a few likely candidates. Of the common acidic volcanic gases presumed to be entering the crater lake through fumaroles (H 2 S, SO 2 , HCl, HF, and CO 2 ), the best documented cases of chlorotic and necrotic leaf damage most similar to the damage observed for this event have been attributed to HCl, HF, and both ''dry'' and ''wet'' deposition of SO 2 in the form of dry SO 2 gas and wet sulfuric acid aerosols [Delmelle, 2003; Smith, 1990; Parnell and Burke, 1990; Wood and Bormann, 1975] . Sulfur and fluorine can be absorbed into leaf interiors, disrupt physiological processes, and result in chlorotic and necrotic leaf injury that can eventually lead to plant death [Delmelle, 2003; Smith, 1990] . Wood and Bormann [1975] documented necrotic spots on leaves of pinto beans and sugar maple when the pH of the applied artificial sulfuric acid mist was less than 3.0. HF is a minor constituent of volcanic gas but it is regarded as considerably more toxic than SO 2 and susceptible plants may be injured at concentrations that are 10-1000 times lower than SO 2 [Delmelle, 2003; Smith, 1990; and references therein] . The relative abundance of these gases is not known at Chiginagak, but both HCl and HF are present in much smaller concentrations than SO 2 in most magmatic gas assemblages found at convergent plate boundaries [Symonds et al., 1994] .
[38] Ample evidence for a strong sulfur gas component discharging into the crater lake exists at Chiginagak, including an active H 2 S-and SO 2 -producing fumarole [McGimsey et al., 2003] , the highly acidic SO 4 -rich crater lake water, and the high levels of sulfur in the damaged moss. The north flank fumaroles at Chiginagak volcano have been continuously active for at least the last 30 years, and probably longer, although historical reports of steaming are not specific enough to ascertain the source of ''smoking'' and ''fuming'' [Coats, 1950; Jaggar, 1932] . A single gas measurement was made of these fumaroles on 29 September 1988 when AVO conducted an airborne COSPEC flight to Chiginagak and measured an efflux between 200 and 300 t/d of SO 2 [McGimsey et al., 2003] . A strong smell of H 2 S was always present during recent fieldwork around the fumaroles, and the snow and ice around the vents were coated with yellow sulfur deposits. Additionally, the acrid smell of SO 2 was detected in the gas emanating from the crater lake on 25 September 2005, indicating that not all of the SO 2 was being scrubbed in the hydrothermal system and that convection was sufficient in the crater lake to allow the direct escape of SO 2 to the atmosphere. In addition to high sulfur levels, moss samples also contained very high levels of Al and Fe, two constituents that would not be found in a gas phase, but instead could be deposited within an aerosol mist generated from the acidic, metal-laden crater lake water. From these observations, we conclude that the most abundant airborne phytotoxic constituents were wet sulfuric acid aerosols. Small amounts of HCl and HF in the aerosols may have contributed to the damage, but these substances were most likely less abundant than sulfur species. 
Mechanisms of Acidic Aerosol Formation
[39] Two mechanisms of acidic aerosol formation are proposed: (1) generation of aerosol mist through turbulent flow of acidic water and (2) catastrophic gas exsolution. These two proposed mechanisms have not been thoroughly investigated with rigorous numerical models. The intent here is to provide a framework of working hypotheses for further modeling studies of this event. Much of the discussion of catastrophic gas exsolution draws upon the work on dynamics of CO 2 -driven limnic eruptions described by Zhang [1996] .
10.2.1. Formation of Acidic Aerosols: Mechanism 1-Generation of Aerosol Mist Through Turbulent Flow of Acidic Water [40] This mechanism is analogous to the mist that is generated by a waterfall or to the sea-salt aerosols that are formed by breaking waves on the ocean [Burk, 1984] . The turbulent flow of water down the steep south flank glacier and upper Indecision Creek waterfall may have generated an acidic aerosol mist. During the flood, the water from the crater lake exited through a subglacial tunnel and cascaded down the steep (36% slope) south flank glacier. The western flow of water emerged from tunnels near the west toe of the south flank glacier and plunged down a narrow, largely vegetation-free chasm, and over a $30-mhigh waterfall just above the site of the most severely damaged vegetation. Sulfur-rich aerosols (as well as aerosols of Cl and F) were likely generated as the 3.8-million-m 3 slurry of acidic water cascaded down this steep, narrow path. However, it is not clear that the acidic mist generated solely by this mechanism could account for the large area of vegetation damage that extends >20 km downstream from the crater lake.
Formation of Acidic Aerosols:
Mechanism 2-Catastrophic Gas Exsolution [41] In this scenario, a rapid pressure decrease causes violent gas exsolution from a gas-rich water [Kling et al., 1987; Zhang, 1996; Cioni et al., 2003] , creating a large gas-and-aerosol cloud. In the case of Chiginagak in 2005, a likely cause of gas exsolution was a drop in hydrostatic pressure as the lake partially drained and the gas-charged water exited through the subglacial tunnel. Zhang [1996] has described the dynamics of these violent gas exsolution events as they relate to CO 2 -driven eruptions such as Lake Nyos and Lake Monoun. The gas exsolution process would be similar at Chiginagak, but the eruption cloud would be an acidic aerosol instead of the mist-clouds produced at Lakes Nyos and Monoun [Kling et al., 1987] . Experiments have shown that decompression of CO 2 -saturated water is able to power explosive eruptions [Zhang, 1996; Mader et al., 1994; Zhang et al., 1995] . The path of vegetation damage along the flood flow path supports the hypothesis that these particles and associated gas were denser than air and flowed down the flanks much like a diffuse gravity current. Zhang [1996] has described this type of flow that combines an ambient temperature gas gravity current in flow with water droplets as ''ambioructic'' flow (a combination of ''ambient'' and ''eruct''). This mechanism requires (1) gas input to the crater lake, (2) significant water depth (hydrostatic pressure) to hold gas in solution, and (3) minimal lake convection allowing only localized gas escape prior to the main release event.
[42] Condition 1 was met at some point between November 2004 and May 2005 when fumarolic activity at the base of the summit crater began to melt the ice and snow, and a reservoir of dissolved gases and water began to accumulate at the base of the crater. Gas was likely trapped in solution under a significant hydrostatic load as the summit iceand snow-filled crater melted and the lake deepened ( Figure 17 ). In addition, large volumes of low-temperature crater lake water from melting snow and ice would have limited convection, further preventing significant gas loss. Evidence for relatively cool lake temperatures and only limited convection are the observations made on 20 August 2005, when AVO conducted the first postflood observation flight to the summit. At that time there was only one small zone of upwelling in the crater lake, presumably above an active fumarole at the base of the crater beneath the lake, and a small patch of floating ice (Figures 6a and 7) . No smell of SO 2 was detected. On 25 September 2005 during another observational flight to the summit, the crater lake surface had changed dramatically and was emanating steam and gas across the entire lake surface (Figure 6b ). During this flight a strong smell of SO 2 was detected in the gas from the crater. A FLIR camera was used to record lake and crater wall temperatures. The crater walls showed little sign of warmth; however, the lake temperature was approximately 40°C (Figure 6c ). These observations indicate that the lake was relatively cool in August 2005 (over 3 months after the flood event) and that continued heating through Septem- ber 2005 eventually resulted in convection and a higher flux of gas to the atmosphere.
[43] Finally, this mechanism requires an ''external'' event to cause the gas to release catastrophically. The sudden removal of the hydrostatic load as the water broke out of the low south rim through a tunnel at the ice-rock interface resulted in a 5-bar drop in pressure on deeper water and gas trapped beneath the lake bottom. Collapse of roof ice or large chunks of ice sliding into the lake from the crater walls may also have contributed to the disruption of deep crater lake water, allowing the water to move up, causing depressurization and gas exsolution. The loss of hydrostatic pressure and resulting gas release is illustrated in Figure 18 , modified from Cioni et al. [2003] on the basis of observations and measurements at Lake Albano, Alban Hills Volcano, Italy. The violent release of trapped carbon dioxide and possible sulfur gases through the acidic crater lake water is a likely mechanism for the formation of acidic aerosols during the 2005 event at Chiginagak.
[44] The restricted path of aerosol-damaged vegetation leads us to believe that gas exsolution must have been either channeled through the tunnel with the escaping crater lake water, or the explosions releasing the gas from deeper crater lake water did not rise above the level of the low south rim. If explosive gas exsolution from the crater lake released gas to a height greater than the surrounding crater walls, then we might expect to see evidence of gas damaged plants in all azimuths down the flank of the volcano. Instead, we see aerosol-damaged vegetation only along the flow paths originating on the south flank, indicating that the gas exsolution and aerosol formation most likely occurred as the water exited the subglacial tunnel, directing the ambioructic flow toward the south.
[45] We believe that vegetation-damaging aerosols were likely formed by a combination of both mechanism 1 (generation of aerosol mist through turbulent flow of acidic water) and mechanism 2 (catastrophic gas exsolution). If the vegetation was damaged by these crater-lake-derived aerosols and catastrophic gas exsolution, one would expect the elements ratio in the plants to be similar to those of the crater lake water. This comparison is difficult, however, since prior to our sampling, the moss was exposed to the atmosphere for more than 3 months after the event. Rain, snow, and other atmospheric deposition on the moss during this time period make it difficult to predict the immediate postevent element levels in the aerosol-affected vegetation. What remains certain is that after more than 3 months of exposure, the moss tissue maintained high levels of sulfur, indicating that sulfur was a main constituent of the aerosol component of the event.
Conclusions
[46] The field observations, preliminary water chemistry results, and proposed acidic aerosol formation mechanisms presented here provide a basis for further study of the intriguing Chiginagak crater lake drainage event. Although catastrophic crater lake floods and acidic crater lake hazards have been described at other volcanoes (Ruapehu, New Zealand [Houghton et al., 1987] ; Lake Copa- hue, Volcano Copahue, Argentina (J. Varekamp, personal communication, 2006) ; Laguna Caliente, Poas Volcano, Costa Rica [Rowe et al., 1995; Brantley et al., 1992] ; Crater Lake, Rincon de la Vieja, Costa Rica [Giggenbach and Soto, 1992] ) the simultaneous release of acidic aerosols has not been documented in the literature. Chronic release of acidic volcanic vapors from the crater lakes at Rincon de la Vieja and Poas Volcano in Costa Rica have produced large ''dead zones'' along their flanks; however, at Chiginagak, the damaged vegetation appear to have suffered from a single acute event that was associated with a flood of crater lake water. The event documented at Chiginagak provides an example of yet another hazard associated with volcanic crater lakes in addition to acidic water and caustic gas emission: acute acidic aerosol formation, deposition, and resulting vegetation damage and death. We hope that the summary of events and mechanisms proposed here for acidic aerosol formation will be the basis of further study, including acid-aerosol formation, aerosol flowmodeling, and studies involving environmental impact and recovery of the natural water system, aquatic life, and alpine and lowland vegetation. Figure 18 . A model of total gas pressure and hydrostatic pressure in the crater lake (a) just before partial draining and (b) after the event. Dark squares illustrate possible total gas pressure in the crater lake. Figure 18a after Cioni et al. [2003] based on observations and measurements at Lake Albano, Alban Hills Volcano, Italy. 
